 INTRODUCTION Multiferroic materials display several long-range orders, such as ferromagnetism, ferroelectricity and ferroelasticity. Combination of the ferromagnetic and ferroelectric couplings allows the magnetization to be tuned by an electric field and vice versa. [1] [2] [3] Such electric control of the magnetism has the potential applications in data storage as well as high-frequency magnetic devices with small currents and fields for operation. 4 The perovskite La 2/3 Sr 1/3 MnO 3 (LSMO) is a promising candidate in spintronic devices, owing to its 100% spin polarization of the charge carriers and high ferromagnetic Curie temperature of T C =370 K. 5 The charge-mediated magnetoelectric effect has been demonstrated in the epitaxial LSMO/Pb(Zr 0.52 Ti 0.48 )O 3 . 6, 7 The observed magnetoelectric coupling in the LSMO/BaTiO 3 heterostructures has been attributed to the interfacial strains. 8 BiFeO 3 (BFO) is the only known single-phase multiferroic material with a high ferroelectric T C =1103 K and high G-type antiferromagnetic Néel temperature of 643 K. 9, 10 Unfortunately, it suffers from weak magnetoelectric response and low electrical resistivity. 11, 12 An alternative pathway to realize the magnetoelectric control is the exchange bias when a ferromagnetic material is coupled with the antiferromagnetic BFO. 13, 14 Electric control exchange bias has been demonstrated for a heterostructure of LSMO and rhombohedral BFO, which may realize the low power devices with smaller size. 15, 16 Additionally, Béa et al. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 -4 -LSMO/BFO bilayers have a high and homogeneous resistivity state of the BFO as a ferroelectric tunnel barrier. 17 Jilili et al. have found that the LSMO/rhombohedral BFO superlattice maintains the half-metallic character of bulk LSMO. 18 Moreover, Guo et al. have discovered that the anomalies in the temperature-dependent ferromagnetic resonance spectra of LSMO occur at the transition temperature of Fe polarization, indicating a strong interfacial coupling between Fe and Mn. 19 Yu et al. have reported a significant exchange bias for the coupling between LSMO and rhombohedral BFO using the X-ray circular dichroism method. 20 Concerning the origin of the interfacial Fe magnetic ordering several physical mechanisms have been proposed, including the strong Mn-Fe hybridization, 20 Fe-O-Fe bond angle alteration and suppression of octahedral tiltings close to the interface, 21 charge and orbital ordering, 11 and Fe/Mn intermixing. 22 It is found that the spontaneous polarization of tetragonal BFO is 150 μC/cm 2 , which is much higher than the value of the rhombohedral structure (90 μC/cm 2 ). 23, 24 Zhang et al. have experimentally evidenced that ferroelectric polarization of tetragonal BFO grown on LaAlO 3 substrate is significantly enhanced and have attributed it to pronounced the strain-induced Fe displacements relative to the O octahedron. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 -5 -BFO epitaxially, a strongly enhanced electric control of the magnetism may be realized, which has great potential applications in the spintronic devices. Thus, in this work we study the interfacial electronic and magnetic properties of the LSMO/tetragonal BFO superlattices by density functional theory, demonstrating a more remarkable magnetoelectric effect.
 CALCULATION DETAILS AND MODELS
We perform the density functional theory . To account for the localized d orbitals of the transition metals, we consider an on-site Coulomb interaction U. We set U=2 eV for Mn and U=4.5 eV for Fe, based on the previous theoretical studies for bulk LSMO and BFO. 13, 14, 31 We have confirmed that the adopted GGA functional can give reliable describing about the half-metallicity of LSMO 33, 34 where the O A and O B , respectively, belong to the BiO and FeO layers, see Figure 1a . It is not clear which antiferromagnetic order of G-type and C-type in the tetragonal phase film would show. 35 In this work, we consider G-type antiferromagnetism, in which the magnetic moments of Fe atoms align ferromagnetically in (111) planes and antiferromagnetically between adjacent (111) planes. 36 Bulk LSMO has a tetragonal structure (space group P4mm) with the lattice constant a=3.88 Å and c/a=3.00.
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The unit cell contains four layers: SrO, LaO, 
 RESULTS AND DISCUSSION
The most stable structure is determined by calculating the work of separation, i.e., the cohesive energy between LSMO and BFO,
is the total energy of the superlattice and LSMO E and BFO E are the energies of the same supercell containing only relaxed LSMO and BFO, respectively. The factor 1/2 accounts for the two interfaces per supercell. The energetically favorable configuration after the structural optimization, see Figure 1c , is LaO-terminated with interfacial O atoms located on top of interfacial Fe atoms and has sep W =-5.13 eV. This is consistent with the previous findings for the supercell consisting of LSMO and rhombohedral BFO 18, 22 and is also in a similar LSMO/YMnO 3 system, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 -9 -1c) is 1.56 Å. More specifically, the O atoms are shifted out of the cationic plane, see Therefore, the BFO is subjected to a reduced ferroelectric polarization. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 -10 - bulk BFO is ±4.18 μ В /atom, agreeing well with a previously reported value. 33 The LSMO DOS exhibits a half-metallic character with a spin-down band gap of 1.87 eV.
The magnetic moments of 3.42 and 3.68 μ В are obtained for Mn A and Mn B ,
respectively. These values are close to experimental value of 3.70 μ В . 42 These results
confirm that the rationality of the adopted parameters used in the present calculations.
The band structure, partial DOS and charge density difference obtained for the energetically favorable configuration of the superlattice are addressed in Figures 3, 4 and 1d, respectively. In Figure 3 the red and blue dots represent contributions of LSMO and BFO to the eigenstates, respectively, where the size quantifies the contribution. For BFO, the spin-up bands cross the Fermi level, exhibiting a metallic character, while the spin-down channel is semiconducting with a band gap of 0.98 eV, constituting a half-metallic character. LSMO is also half-metallic with a spin-down band gap of 2.3 eV. Thus, the entire superlattice is half-metallic, as is desired for the spintronic devices.
As compared to bulk LSMO, the magnetic moments in the superlattice decrease slightly. Since the bulk-like inner atomic layers nicely reproduce the bulk properties, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 -12 -we focus on the atoms close to the interface. In Figure 4 , the lable I-Fe, for example, refers to the Fe atom in layer I, as defined in Figure 1c . Again, we address only one of the antiferromagnetically ordered Fe atoms. For BFO, Fermi level differs from the bulk:
In layer I it shifts to higher energy by 1.16 eV, while in layer V it is not shifted. The μ Β for layer I and -0.03 μ Β for layer VI (see Table 1 ). This suggests that, when an electric field is applied to this configuration so as to reverse the ferroelectric polarization of BFO, the variation of the interfacial exchange coupling strength will modify the interfacial magnetization.
In order to judge the feasibility of the use of tetragonal BFO in the LSMO/BFO superlattice that can improve the magnetoelectric coupling, we have also analyzed the rhombohedral BFO for comparison. The rhombohedrally-distorted perovskite BFO Importantly, we note that the use of tetragonal BFO has a stronger response to the variation of magnetic moment than the rhombohedral one, indicating a larger magnetoelectric effect. Our calculated work of separation for the interface between LSMO and rhombohedral BFO is -6.12 eV, which has the same sign as the interface to the tetragonal BFO, suggesting both the interfaces are thermodynamically stable. The different phases of the BFO layer in the stack determine its ferroelectric polarization and subsequently the heterostructure properties. A high-quality tetragonal BFO film has been grown on LaAlO 3 substrate by pulsed laser deposition 25 or magnetron sputtering 26 , so one can deposit epitaxial LSMO layers on tetragonal BFO due to the good lattice match. Stronger magnetoelectric effect in the tetragonal BFO/LSMO heterostructures will stimulate further interest in developing the magnetoelectric controlled spintronic devices. We hope that our theoretical prediction on the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 -16 -experimentally.
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 CONCLUSION
In conclusion, the density functional theory has been used to study the structural stability and electronic properties of the tetragonal LSMO/BFO(001) superlattice. The energetically favorable interface is found to consist of LaO-terminated LSMO and 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
